VACTERL association is typically defined as involving at least 3 of the following congenital malformations without evidence for an alternative diagnosis: Vertebral anomalies, Anal atresia, Cardiac malformations, Tracheo-Esophageal fistula, Renal anomalies, and Limb abnormalities [Quan and Smith, 1973; reviewed in Solomon, 2011] . Though the condition is not exceedingly rare, with an incidence estimated at approximately 1 in 10,000-40,000 live-born infants, relatively little is known about causes [reviewed in Solomon, 2011] . This dearth of causative knowledge is likely related to issues including typical sporadic occurrence, clinical and molecular heterogeneity, and a relatively large number of distinct but clinically similar conditions [Solomon et al., 2010; reviewed in Solomon, 2011] .
In order to interrogate potential genetic discordance in twins with VACTERL association, we applied highdensity microarray analysis and exome sequencing to 2 monozygotic twin pairs in which only 1 twin had features of VACTERL association.
Patients and Methods

Patients and Initial Analysis
Patients participated in our National Human Genome Research Institute institutional review board-approved protocol on VACTERL association, with appropriate consent obtained from all participants, including for genomic sequencing, such as exome sequencing. For the purpose of this specific study, inclusion criteria involved at least 3 component malformations of VACTERL association without clinical or laboratory-based evidence of an alternative diagnosis.
For both pairs of monozygotic twins, both the affected and unaffected child underwent a detailed physical examination by a clinical geneticist very familiar with VACTERL association, as well as X-rays of the entire spine and limbs, abdominal ultrasound and echocardiogram.
As part of study participation, patients gave peripheral blood samples from which DNA was extracted via phenol:chloroform extraction. Peripheral blood samples were used to create lymphoblastoid cell lines, but all analyses described here were performed from directly extracted DNA from whole blood rather than from cell lines. Parental microarray/exome studies were not performed (the inheritance of individual variants of interest were studied on a variant-by-variant basis).
Microarray Performance and Analysis
Prior to exome sequencing, microarray analysis was performed to confirm monozygosity and to detect clinically significant pathogenic copy number variants using the Illumina Omni1-Quad SNP array (Illumina Inc., San Diego, Calif., USA), which contains over 1 million SNP loci, with 300 ng of DNA (4 l of 75 ng/ l DNA) according to the Illumina 'infinium assay' protocol [Gunderson et al., 2005] . We collected data using the BeadArray scanner and we visualized data with the GenomeStudio (v2009.2, www.Illumina.com) genotyping module, using human genome build 36.1 (NCBI36/hg18). The call rates for all the DNA samples were 1 99%. CNVs were detected using PennCNV software and were initially filtered to annotate regions with at least 3 contiguous SNPs reflecting the same abnormality with a confidence interval of at least 50 [Wang et al., 2007] . Detected regions of genomic imbalances were compared with known CNVs in control populations via the Database of Genomic Variants [Zhang et al., 2006] .
Exome Sequencing
We performed solution hybridization exome capture with the SureSelect Human All Exon 38-Mb (twin pair 1) and 50-Mb (twin pair 2) systems (Agilent Technologies, Santa Clara, Calif., USA), using biotinylated RNA baits to hybridize to sequences corresponding to exons [Gnirke et al., 2009 ]. Manufacturer's protocol version 1.0 compatible with Illumina paired-end sequencing were used, except that we measured DNA fragment size and quality using a 2% agarose gel with Sybr Gold stain rather than an Agilent Bioanalyzer. Manufacturer's specifications for the 38-Mb kit report that the capture regions total approximately 38 Mb, accounting for 1.22% of the human genome, corresponding to the Consensus Conserved Domain Sequences database and over 1,000 non-coding RNAs. The 50-Mb kit additionally includes Gencode Project defined exons (http://www.sanger.ac.uk/ resources/databases/encode/). Targeted regions included the exons of 18,113 genes of the Consensus Conserved Domain Sequences database, totaling 37,640,396 bases (All Exon 38-Mb). The All Exon 50-Mb kit includes all regions in the All Exon 38-Mb kit, and adds exons of additional genes, miRNAs, and non-coding RNA genes, totaling 30,241 genomic features and a total of 51,646,629 targeted bases. Flowcell preparation and sequencing were performed according to the protocol for the GAIIx sequencer (Illumina) [Bentley et al., 2008] using 75-or 100-bp paired-end reads to generate sufficient data such that at least 85% of the targeted bases were accurately genotyped (see next paragraph). Image analysis and base calling were performed on all data lanes using Illumina Genome Analyzer Pipeline software (GAPipeline versions 1.4.0 or greater) with default parameters.
Variant Analysis
Small sequence variants were determined using custom variant-calling software. In brief, we aligned reads to human genome build 36.1 (NCBI36/hg18) for analysis using 'efficient large-scale alignment of nucleotide databases' (ELAND, Illumina). Reads were grouped aligning uniquely into genomic sequence intervals of approximately 100 kb. Non-aligning reads were binned with their paired-end mates. Reads in each bin underwent a Smith-Waterman-based local alignment algorithm, cross_match using the parameters minscore 21 and masklevel 0 to their respective 100-kb genomic sequence (http://www.phrap.org). A total of 6 Gb per individual of high-confidence mappable sequence data were generated in autosomal targeted regions. Genotypes were called at all positions using high-quality sequence bases (Phred-like Q20 or greater) with a Bayesian algorithm (most probable genotype; goal read-depth is an average of at least 85% in targeted regions) [Teer et al., 2010] . Genotypes were required to have a most probable genotype score 6 10 and a score/coverage ratio 6 0.5. These are criteria which have been shown to yield 1 99.89% concordance with SNP microarray data. Targeted regions included the exons of 17,134 genes, with a total of 37,640,396 bases in the human genome (All Exon 38-Mb: twin pair 1) or the exons of 30,241 genes and total 51,646,629 bases (All Exon 50-Mb: twin pair 2). The annotation of coding SNVs (single nucleotide variants) was based on the 'known genes' dataset of the University of California, Santa Cruz. We classified SNVs and short deletion-insertion variants with a custom suite of annotation scripts (PIANNO) as those in intronic, UTR, or within coding regions. The software categorized variants as belonging to 1 of the following subsets: UTR3, UTR5, downstream variants, frameshift (deletion, insertion, or substitution), intergenic, intronic, ncRNA (UTR3, UTR5, exonic, intronic, or splicing), non-frameshift (deletion, insertion, or substitution), non-synonymous SNV, splicing, stop-gain SNV, stop-loss SNV, synonymous SNV, or upstream. Resulting variants were then analyzed and filtered using VarSifter software (available at: http:// research.nhgri.nih.gov/software/VarSifter/) [Teer et al., 2012] .
Results
Clinical Features
See table 1 for clinical characteristics of the studied individuals. Both families were seen in person at the NIH Clinical Center. There was no clinical, radiological, or laboratory-based evidence for an alternative diagnosis. Neither unaffected twin demonstrated (via detailed physical and radiological examination) any evidence of anomalies observed in the affected twin, or anomalies seen in VACTERL association more generally, or any other congenital malformation.
Genetic/Genomic Analysis
Monozygosity was confirmed in the twin pairs, first by high-density microarray analysis, then as part of exome sequencing. In brief, neither microarray analysis nor exome sequencing revealed an obvious discordant genetic anomaly (CNV or exonic mutation) that would readily explain the presence of congenital anomalies in 1 child in the twin pair (see tables 2 and 3 for details). Additionally, no copy number variants or exonic mutations were identified in or affecting known disease-associated loci that would explain the congenital anomalies according to a model taking into account the possibility of incomplete penetrance. However, further studies are ongoing related to several genetic variants of high interest (not located in genes previously shown to be associated with human disease) that were found in both twins and which may act as susceptibility factors in concert with putative interacting genetic and/or environmental factors.
Discussion
In this study, neither microarray analysis nor exome sequencing of 2 pairs of monozygotic but phenotypically discordant twins revealed a rapid explanation (based on genotypic discordance) explaining why only 1 member of each twin pair was affected with features of VACTERL association. There are multiple possible explanations. First, if there is in fact a genetic explanation for the congenital malformations in these patients, it may occur in a region not interrogated by current methods of CNV analysis or exome sequencing, such as a regulatory factor that affects gene expression. Second, on a related note, even if a coding-region CNV or mutation were present in only the affected individuals, these methods do not result in complete coverage of all coding regions, even of regions tested. Eventually, similar applications of genome testing may be Twin pair 1 has additionally been described in Solomon et al. [2011] . E A = Esophageal atresia; PDA = patent ductus arteriosus; PFO = patent foramen ovale; TEF = tracheo-esophageal fistula; UE = upper extremity; VSD = ventricular septal defect; VUR = vesicoureteral reflux.
a History of PDA and PFO is supposed to be most likely related to prematurity rather than reflective of a true congenital cardiovascular malformation.
used to test these hypothetical explanations that there is a discordant mutation not detected by the applied CNV or exome methodology. Third, we conducted microarray studies and exome sequencing on DNA extracted from peripheral blood, and similar testing based on other tissue types may yield more success, as has recently been demonstrated in Proteus syndrome [Lindhurst et al., 2011] . Finally, on a level more specific to VACTERL association, it is likely that multiple interacting genetic and environmental factors are necessary to produce the appropriate phenotype. In fact, specific evidence pointing to this distinct possibility has recently been described [Bartels et al., 2012] . The occurrence of a twin pregnancy may act on susceptible alleles to result in congenital malformations. Parental studies were not performed in these twin pairs. However, future molecular studies including more family members, such as the parents, may help filter likely susceptibility alleles (e.g. if the variants are not present in the parents). Additional, other testing modalities, such as methylation analysis, in conjunction with CNV or exome-based results, may shed more light on disease pathogenesis. Finally, it is possible that the causes of these congenital malformations may not be directly gene-related, and may involve a primary, currently unidentified environmental factor. Detected CNVs were compared with control populations described in the Database of Genomic Variants [Zhang et al., 2006] . a When filtered for ≥10 contiguous SNPs with confidence interval of ≥50, twin pair 1 had 15 such CNVs, while twin pair 2 had 16 such CNVs. b These CNVs may additionally contain intronic elements. c The 'same type' refers to deletions versus duplications.
The difference in the number of variants in the 2 different twin pairs largely reflects different methods of exome sequencing (SureSelect Human All Exon 38-Mb vs. 50-Mb kits). a Differences in the number of detected variants reflect greater coverage in the second twin pair analyzed. b Includes deletion-insertion variants, non-synonymous variants, splice-site variants, and nonsense variants, but excludes variants in 3UTR, 5UTR, intron variants, noncoding variants, as well as synonymous variants and variants in repeat regions.
c Our threshold score was set such that we required a most probable genotype score ≥10 and a score/coverage ratio ≥0.5 (for details see Patients and Methods under the Variant Analysis section). The false-positive discordant variant found in twin pair 1, which was shown to be an artifact by Sanger sequencing, was later found as an artifact in multiple samples sequenced at the same facility [Biesecker et al., 2009] .
